Introduction
============

Circulating tumor cells (CTCs) have attracted interest as a "liquid biopsy" from the blood, which may ideally replace aggressive tissue biopsies for serial monitoring of tumor characteristics and tailoring personalized therapy [@B1]. CTCs can be used to guide cancer management and serve as drug targets [@B2]. Therefore, it may be possible to evaluate drug sensitivity and resistance and predict patient prognosis following therapy using the CTCs obtained [@B3]. However, there is a hurdle to overcome in order to realize these potential benefits. Circulating tumor cells (CTCs) are present in the blood of cancer patients at extremely low concentrations. The isolation and characterization of CTCs is technically challenging because of their rareness. Despite the highly promising clinical relevance, clinical application of CTCs has not progressed as far as expected, and the rarity of CTC limits their potential role.

To overcome the rarity of CTCs, *in vitro* expansion of CTCs has been tried and success has been reported by several laboratories, including ours [@B4]-[@B6]. It can be questionable whether expanded cells originate from the primary cancer and retain their original identification. Therefore, accurate characterization of CTCs is essential for clinical application.

UroVysion™ fluorescence in situ hybridization (FISH) is a molecular diagnostic technique approved by the United States Food and Drug administration (FDA), based on DNA probes. It has been used to identify the most common UC-related chromosomal abnormalities including chromosomes 3 (red), 7 (green), and 17 (aqua), and the 9p21 in malignant urothelial cells that are shed in the urine of persons with UCC. Urovysion™ FISH has been shown to have high sensitivity and specificity for the detection of malignant urothelial cells shedding from primary bladder cancer [@B7], [@B8] For this reason, we applied the FISH test to cultured CTCs from bladder-cancer patients to explore whether cultured CTCs from the patients originated from the bladder cancer and shared chromosomal abnormalities.

Methods
=======

Patient recruitment and collection of blood
-------------------------------------------

A total of 15 ml of blood was collected from the patients with bladder cancer at Seoul St. Mary\'s hospital (Seoul, Korea), under an Institutional Review Board-approved protocol with informed consent (clearance no. 2013 1048). Blood was collected before starting transurethral resection of the bladder (TURBT). A total of 15 cc of blood were divided into 5 ml for CTC enumeration and 10 ml for CTC culture. The stages of the cancer were evaluated using the Tumor, Node, and Metastasis (TNM) system based on the recommendations of the 8th American Joint Committee on Cancer *[@B9](M.B. Amin, S.B. Edge, F.L. Greene, et al. AJCC Cancer Staging Manual, (ed. 8), Springer, Cham, Switzerland (2017)).* All blood samples and medical data used were anonymous, to ensure patient confidentiality. A total of 20 patients who succeeded in CTCs cultures were recruited in this study.

Isolation of CTCs and enrichment process
----------------------------------------

For enrichment and enumeration the CTCs, blood from each patient was collected in Acid Citrate Dextrose tubes (BD Vacutainer®; BD Biosciences, San Jose, CA, USA), and then the Smart Biopsy™ System process was performed within 4 h after blood collection. Enriched CTCs were fixed on slides in 4% paraformaldehyde for 5 min at room temperature and kept at 4°C until further processing. CTCs on slides were permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature, blocked with 1% bovine serum albumin in PBS for 60 min, and incubated with primary antibodies for 60 min, followed by secondary antibody incubation in the same way. The primary antibodies used were rabbit anti-CD45 (Cell Signaling Technology), mouse anti-pan cytokeratin (Sigma), and mouse anti-vimentin Alexa Fluor® 488 conjugated (Cell Signaling Technology). The secondary antibody used goat anti-rabbit Alexa Fluor® 647 and goat anti-mouse Alexa Fluor® 546 (Thermo Fisher Scientific, Inc.). The slides were mounted using Fluoroshield with DAPI (ImmunoBioScience), and then detected using the Nikon Eclipse Ti fluorescent microscope.

Primary short-term culture of CTCs
----------------------------------

To analyze the FISH, a short-term culture of 10 ml blood was performed using isolated CTCs for 16\~18 days. CTCs were isolated in the way mentioned above. Enriched CTCs were collected, washed with PBS, and then cultured in 96-well ULA plates (Corning) using MSCGM™ Mesenchymal Stem Cell Growth Medium (LONZA). The culture medium was replaced every 3-4 days with minimal disturbance to avoid cell loss. The cultured CTCs were collected in 1.5 mL microtubes. Harvested CTCs were washed using PBS and then fixed by 10% formalin for FISH analysis.

Preparation of cell pellets for UroVysion FISH analysis
-------------------------------------------------------

The resulting cultured CTCs were centrifugated initially for 10 minutes at 1,840 rpm. The supernatant was decanted, and a full pipette of CytoRich Red was added to the resulting cell pellet, which was allowed to sit for at least 30 minutes. The resulting suspension was centrifuged for 10 minutes at 1,840 rpm. The remaining pellet was vortexed, and Tris-buffered water was added to the 10-ml line. The suspension was centrifuged for 5 minutes at 1,866 rpm to concentrate the specimen. The remaining pellet was vortexed and placed in a corresponding slot on the Prepstain^TM^ slide processor system. Coated glass slides were placed onto staining racks. The non-gyn program was run, and instructions prompted by the computer were followed. After the final wash, the resulting cell pellet on the slide was stored in a 4°C refrigerator for FISH processing.

Interpretation of UroVysion FISH analysis
-----------------------------------------

Specimens were processed, hybridized, and analyzed by FISH using a modified version of the UroVysion packet insert protocol using the UroVysion probe set, which contains centromere enumeration probes for chromosomes 3, 7 and 17, and a locus-specific indicator probe for the 9p21 band, which is the site of the P16 tumor suppressor gene. The UroVysion FISH assay was independently captured and scored by two pathologists aided by the FDA-approved automated BioView Duet scanning system, Allegro-Plus (BioView, Rehovot, Israel). The system included a fluorescent microscope (Olympus), a high-resolution progressive-scan charge-coupled digital camera, and a computer equipped with imaging and analysis software. UroVysion FISH interpretations were divided into positive, negative, unsatisfactory, or equivocal cases. A positive result was defined by four or more cells with aneuploidy for two or more probes, and/or 12 or more cells with homozygous deletion of 9p21, as described in the package insert for the UroVysion Bladder Cancer Kit. For clarifying chromosomal traits of enriched CTCs, all scanned cells in each case were manually categorized into multiple gain (aneuploidy of chromosome 3 with 7 and 17, chromosome 3 with 7, chromosome 3 with 17, chromosome 7 with 17), single gain (aneuploidy of each chromosome 3, 7, and 17), loss of 9p21, wild type (an adequate cell not meeting the above criteria), and nondiagnostic (degenerated or necrotic). Positive criteria used in a previous study[@B10] were applied in this study. A positive test result was defined as one of the following: the presence of 4 or more morphologically abnormal cells out of 25 analyzed cells that showed polysomy of 2 or more of the chromosomes 3, 7, and 17 in the same cell; isolated gain of a single chromosome in 10% or greater of cells; or homozygous deletion of 9p21 in 12 or more cells. The tests with unsatisfactory or equivocal results were excluded from the study.

Results
=======

Enumeration and immunophenotype of initial captured CTCs
--------------------------------------------------------

A total of 27 patients with bladder cancer were examined in this study. Table [1](#T1){ref-type="table"} shows the clinical characteristics, counts, and immunophenotype for CTCs. Pathological staging showed 6 (22.2%) in T2N0M0, 4 (14.8%) in T3N0M0, 2 (7.4%) in T4N0M0, and 6 (22.2%) in metastatic disease. CTC counts are reported at baseline for all cohorts. There was a general tendency to increase the total number of CTC (from pT1 to Pt4), but the immunophenotype of captured CTCs showed very wide distribution even in the same stage.

Characterization of cultured CTC by FISH analysis
-------------------------------------------------

The fluorescent images of the FISH for cultured CTCs displayed the morphological diversity of the cells, with deletion of 9p21, single gain, and multiple chromosome gain (Fig. [1](#F1){ref-type="fig"}). The numerical results of FISH analysis are summarized in Table [2](#T2){ref-type="table"}. Figure [2](#F2){ref-type="fig"} is a graphical representation of the individual numerical FISH results for each chromosome. The deletion of 9p21 was observed in all but one enrolled patient. Single gain of chromosome 3, 7, and 17 were detected in 20 (74.1%), 14 (51.9%), and 20 (74.1%) patients among the 27 patients, respectively. Polysomy of chromosome 3 and 7 were detected in 9 patients (33.3%); 16 patients (59.3%, chromosome 3 and 17) and 9 patients (33.3%, chromosome 7 and 17) showed polysomy of two chromosomes in the same cell. Figure [3](#F3){ref-type="fig"} is a graphical representation of the polysomy of two or more chromosomes in each patient. Isolated gain of a single chromosome among chromosomes 3, 7, and 17 was detected in 24 patients (88.9%). Among the patients with isolated gain, 17 (63.0%) patients met the positive criteria for Urovysion (Fig. [4](#F4){ref-type="fig"}). For deletion of 9p21, 5 (25.0%) patients showed more than 12 cells with homozygous deletion of 9p21.

The analysis according to the criteria for the Urovysion test
-------------------------------------------------------------

Among the cohort patients, positive results, judging from the Urovysion criteria to be applied to urine specimens, were obtained in cultured CTCs from 15 patients (75%). The distribution and summary for each criterion is as follows:By criterion 1 (polysomy of two or more of chromosomes 3, 7, and 17), positive results were obtained from the CTCs of patients 1, 6, 12, 17, 22, and 25 (Fig. [3](#F3){ref-type="fig"});by criterion 2 (isolated gain of a single chromosome in 10% or more of the cells, positive results were obtained from the CTCs of patients 1, 3, 6, 7, 9, 11, 13, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 and 27 (Fig. [4](#F4){ref-type="fig"});by criterion 3 (homozygous deletion of 9p21 in 12 or more cells), positive results were obtained from the CTCs of patients 9, 12, 15, 20, 25, and 27 (Fig. [2](#F2){ref-type="fig"}D)

Discussion
==========

The main findings of this experimental pilot study are as follows:

\(1\) The FISH method could be applied to cultured CTCs from bladder-cancer patients.

\(2\) We could confirm that cultured CTCs maintain the chromosomal characteristics of bladder-cancer cells.

\(3\) Application of FISH to CTCs could be an effective first step to confirm that cultured CTCs originated from primary bladder cancer before clinical application.

A lot of research on liquid biopsy for clinical applications has been going on. CTCs may be used as a substitute for tissue biopsy to evaluate drug responsiveness and predict an optimal therapy [@B11], [@B12]. Sequencing and analyzing CTCs are also actively under way. Although single-cell analysis technically might be possible, DNA extraction from CTCs is still challenging because of the rarity of CTCs. Isolated CTCs are also difficult to apply directly to clinical applications, such as drug sensitivity and gene expressional profiling. The technological challenge of assessing CTCs is that in most cases only a few cells are available and repeated sampling or sampling of a larger blood volume are not realistic possibilities. So, the expansion of CTCs is required, and expansion of CTC could also make clinical applications of CTCs much easier.

It would be ideal if a few CTCs could be amplified into a larger population by *in vitro* expansion. Several laboratories, including our own, have reported successful *in vitro* expansion for CTCs. But few reports have verified the cultured CTCs.

To expand CTCs, intact CTCs were isolated by size and were subsequently cultured to obtain enough cells, as mentioned above. Several studies, done at about the same time as ours, using the CTC expansion method have been reported. Several other laboratories have also reported successful *in vitro* culture for CTCs. But few reports have verified the cultured CTCs. It can be questionable whether cultured CTC originate from primary cancer and retain their original identification. Moreover, the molecular characterization of cells expanded from CTCs is possibly affected by their prior phenotypic heterogeneity [@B13], [@B14]. Further, the altered markers of the epithelial-mesenchymal transition (EMT) including EpCAM, cytokeratin and vimentin interfere with the detection of CTCs [@B15]. Therefore, we enriched CTCs to generate potential subpopulations and genetically unique CTC subsets using multitargeted biomarkers or combination of biomarkers and established putative CTCs that are distinct from malignant urothelial cells in urine. Since morphological identification of urothelial cancer cells is subjective and has low sensitivity [@B16], [@B17], multiple molecular markers of urothelial cancer (UC) have been developed for diagnostic purposes [@B18].

Karyotyping, comparative genomic hybridization, and DNA ploidy studies have shown that most UCC possess chromosomal abnormalities, with some aneuploidy and structural chromosomal abnormalities [@B19]-[@B21]. UroVysion (Abbott Molecular Inc., Ill., USA), was developed to detect the common chromosome abnormalities seen in UCC. It consists of fluorescently labeled DNA probes to the pericentromeric regions of chromosomes 3 (red), 7 (green), and 17 (aqua) and to the 9p21 band (gold) location of the P16 tumor suppressor gene in urine samples [@B7]. UroVysion was approved by the US Food and Drug Administration initially for surveillance of recurrent urothelial cancer cells and later was extended to detect bladder cancer in patients with hematuria [@B22]-[@B24]. Most of the studies for UroVysion concluded that UroVysion FISH appeared to have good sensitivity and specificity for detecting urothelial cancer cells in urinary specimens [@B8], [@B25], [@B26]. This suggested that the detection of chromosomally abnormal cells might be a good way to identify UCC.

Our study explored the feasibility of performing FISH (Urovysion) to confirm if the cultured CTCs retain the original identification of primary bladder cancer. In this study, we demonstrated that the morphological appearance of the cultured CTCs provides FISH signals, which successfully enable detection of the chromosomal abnormalities associated with bladder cancer. Until now, there have not been identification standards and criteria to apply to cultured CTCs from bladder cancer. In applying the criteria in urine specimens, about 80% of the cultured CTCs from bladder cancer met the positive criteria. These results might prove that the cultured CTCs originated from primary bladder cancer.

The distinctive feature of our study is that, to the best of our knowledge, it is the first study to use the FISH method to show that cultured CTCs originated from primary bladder cancer. Although there were a few previous tests that applied FISH to CTCs, those were only karyotypic characterization of CTCs. The application of FISH to CTCs from bladder cancer could be a novel and easy method to confirm the identification of CTCs, if standards and criteria are established.

The other distinctive feature of our study is that application of FISH to CTCs could provide a useful clinical tool to investigate the biologic targets for therapy by way of peripheral blood sampling. Recently, a few overexpressed genes, such as epidermal growth factor receptor, human epidermal growth factor receptor 2, and vascular endothelial growth factor receptor in bladder cancer, could be a targetable marker for treating and improving the survival of bladder-cancer patients [@B27]. FISH assessment for the genomic status of target genes in CTCs could be a valuable and attractive tool for future selection of target therapy. Our study has demonstrated the feasibility of FISH in CTCs as a non-invasive and continuously monitoring method.

One limitation of this study was that that UroVysion is not a validated method for detection of CTCs. However, several FISH approaches for cancer diagnosis such as those based on ALK or HER2 have been used to detect CTCs and most of them have been validated for formalin-fixed paraffin-embedded tissue [@B28], [@B29]. By contrast, UroVysion is validated for application with urine specimens, which are compatible with the liquid environment of CTCs. Another limitation relates to application of the criteria used for urine specimens to CTCs. CTCs isolated from the blood can be expected to show a different distribution from cells from the urine, which makes it difficult to apply the criteria for urine directly. Considering CTCs\' distribution characteristics, the interpretation of the results may change and the positive rate may be higher. Therefore, standards need to be established for the application of FISH Urovysion to CTCs based on further prospective studies. Finally, the relatively small sample size of the study yields weak statistical power to draw any definitive conclusions.

Conclusion
==========

This current study explored the feasibility and usefulness of the Urovysion FISH method for confirming the origin and chromosomal abnormalities of cultured CTCs from bladder cancer. Positive results were obtained for most of the cultured CTCs from bladder-cancer patients, although they were judged by the criteria for urine specimens. Our study suggests that Urovysion FISH could be an effective and useful method to confirm the identity of cultured CTCs before clinical application. To realize and make the possibilities come to life, further studies have to be supplemented**.**
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###### 

Clinical characteristics and immunophenotype of initial captured CTCs from bladder-cancer patients

                           Immunophenotyping & Enumeration (5ml)             
  ---- --- ---- ---------- --------------------------------------- ---- ---- ----
  1    F   37   pT4aN1M0   2                                       0    0    2
  2    F   80   T1N0M0     3                                       0    0    3
  3    M   60   T2bN0M0    2                                       11   3    16
  4    M   65   T4aN0M0    1                                       17   0    18
  5    M   59   T1N0M0     2                                       2    1    6
  6    M   62   T1N0M0     0                                       5    0    5
  7    M   77   T3aN0M0    0                                       17   1    18
  8    M   74   T2bN0M0    6                                       1    21   28
  9    F   87   T3aN0M0    0                                       0    15   15
  10   M   81   T1N0M0     0                                       2    41   43
  11   M   73   T2bN0M1    1                                       17   11   29
  12   M   80   T1N0M0     0                                       1    31   32
  13   M   65   T2bN0M0    5                                       4    6    15
  14   M   76   T3aN0M1    0                                       11   0    11
  15   M   70   T4aN0M0    0                                       12   5    17
  16   M   75   T1N0M0     0                                       3    26   29
  17   M   62   T2aN0M0    9                                       1    4    14
  18   F   61   T3aN0M0    3                                       11   18   32
  19   M   50   T1N0M0     0                                       3    4    7
  20   F   73   T3aN2M0    0                                       6    2    8
  21   M   76   T3aN0M1    0                                       9    0    9
  22   M   70   T2aN0M0    0                                       3    4    7
  23   M   75   T1N0M0     0                                       3    0    3
  24   M   62   T2aN0M0    3                                       5    0    8
  25   M   61   T3aN0M0    0                                       6    0    6
  26   M   50   T1N0M0     1                                       3    1    5
  27   M   73   T3aN2M0    1                                       3    2    6

###### 

Numerical FISH analysis for cultured CTCs from bladder-cancer patients

                  Single gain   Multiple gain                 
  ---- ----- ---- ------------- --------------- ---- --- ---- ---
  1    70    0    2             3               15   1   11   
  2    9     1                                       1        
  3    75    6    16                                 1   1    
  4    86    6    3             3                        1    
  5    3     2                                           1    
  6    86    2    2                             12            6
  7    154   4    16                            20       2    1
  8    178   1    1                                           
  9    122   57   12            15              15            3
  10   198   4                                                
  11   172   7    18            2               2             
  12   167   30   2                                           
  13   131   3    10                            53   1   1    
  14   162   9                  1               14       3    
  15   196   25   1             1               67            2
  16   160   5    9                             17       1    
  17   341   2    25            4               25   1   4    1
  18   209   3    1             25              14       1    
  19   287   2    21            15              20            
  20   133   17                 13              32   1        2
  21   160   7    10                            15       1    
  22   302   6    25            5               26   2   4    1
  23   201   4    4             24              14       1    
  24   284   4    21            16              20            
  25   134   17   5             17              38   1   2    2
  26   166   9    1             3               11       3    
  27   181   22   3                             61   1   1    2
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